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Escherichia coli Q13 was infected with bacteriophage Q8 and subjected to
energy source shift-down (from glucose-minimal to succinate-minimal medium)
20 min after infection. Production of progeny phage was about fourfold slower in
down-shifted cultures than in the cultures in glucose medium. Shift-down did not
affect the rate of phage RNA replication, as measured by the rate of incorporation
of ['4C]uracil in the presence of rifampin, with appropriate correction for the
reduced entry of exogenous uracil into the UTP pool. Phage coat protein synthesis
was three- to sixfold slower in down-shifted cells than in exponentially growing
cells, as determined by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate. The polypeptide chain propagation rate in infected cells
was unaffected by the down-shift. Thus, the reduced production of progeny phage
in down-shifted cells appears to result from control of phage protein synthesis at
the level of initiation of translation. The reduction in the rate of Qf coat protein
synthesis is comparable to the previously described reduction in the rate of
synthesis of total E. coli protein and of ,B-galactosidase, implying that the
mechanism which inhibits translation in down-shifted cells is neither messenger
specific nor specific for 5' proximal cistrons. The intracellular ATP pool size was
nearly constant after shift-down; general energy depletion is thus not a predomi-
nant factor. The GTP pool, by contrast, declined by about 40%. Also, ppGpp did
not accumulate in down-shifted, infected cells in the presence of rifampin, indi-
cating that ppGpp is not the primary effector of this translational inhibition.

When growing Escherichia coli cells are
transferred to a medium supporting a lower
growth rate (shift-down), protein synthesis is
inhibited (12). Westover and Jacobson (40)
showed that polypeptide chain initiation is in-
hibited 85 to 90% while polypeptide chain prop-
agation is unaffected by shift-down. This result
explains the earlier observations of Friesen (13)
and Ruscetti and Jacobson (34) that shift-down
leads to a loss ofpolyribosomes and concomitant
accumulation of 70S single ribosomes or "mon-
osomes." The 70S monosomes from down-
shifted cells were characterized by several cri-
teria as "complexed" rather than "free" ribo-
somes and were found to be associated with
pulse-labeled RNA (34). Jacobson and Baldas-
sare (21) examined 70S monosomes with an elec-
tron microscope and showed that monosomes lie
at or near the 5' end of an mRNA strand. These
observations are consistent with the hypothesis
that in down-shifted cells there is a rate-limiting
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step in translation at a point subsequent to the
binding of ribosomes to mRNA but prior to the
fornation of the first peptide bond.
Inasmuch as the degree of inhibition of f8-

galactosidase synthesis was approximately the
same as that of total protein (40), it seemed
likely that the control of translation following a
shift-down is relatively nonspecific. To further
study the specificity and mechanism of this con-
trol, we examined the effect of shift-down on the
in vivo translation of bacteriophage QJ RNA.
Our data show that the rate of Q8 coat protein
synthesis following shift-down is reduced to
about the same degree as that offB-galactosidase
and total protein, indicating that the control of
translation is relatively nonspecific. Further-
more, Qf coat protein, unlike fB-galactosidase, is
translated from an internal cistron of a polycis-
tronic mRNA (19); hence, the control mecha-
nism is not specific for 5'-terminal cistrons.

(A preliminary report of this work was pre-
sented at the 76th Annual Meeting of the Amer-
ican Society for Microbiology, Atlantic City, N.
J., 2-7 May 1976.)

267



268 LESCHINE AND JACOBSON

MATERIALS AND METHODS

Bacteriophage and host bacterium. E. coli
strain Q13P17 was used in this study. This strain was
derived in our laboratory from the male strain Q13
(33), which requires methionine, tyrosine, and an ad-
ditional organic nutrient of unknown character, has
"relaxed" control of RNA synthesis, and lacks RNase
I and polynucleotide phosphorylase. Strain Q13P17
was selected for its ability to grow in minimal media
supplemented with only methionine and tyrosine and
for its inability to grow on a solid medium containing
10 jg of rifampin per ml. Bacteriophage Q,B was ob-
tained from K. Ippen-Ihler.
Growth and infection of bacteria. Bacteria were

cultured in glucose-minimal media. A phosphate-
buffered minimal medium containing 25 mM K2HPO4,
12.5 mM KH2PO4, and 40 mM NH4Cl and supple-
mented with salts (1.5 mM MgSO4, 0.25 mM MnCl2,
0.04 mM FeSO4, 0.03 mM CaCl2, and 0.02 mM NaCl),
0.057 mM ascorbic acid, 10 mM glucose, and 20 Mg
each of methionine and tyrosine per ml was used in all
experiments except where indicated otherwise. For
experiments involving 32P-isotope labeling, bacteria
were grown in a Tris-buffered minimal medium con-
taining 100 mM Tris-hydrochloride, pH 7.3, 20 mM
NH4Cl, and 1 mM K2HPO4 with the same concentra-
tions of salts, ascorbic acid, amino acids, and glucose
as in the phosphate-buffered medium. Bacteria were
cultured with reciprocal shaking in a water bath at
37°C. Growth was monitored by measuring absorb-
ance at 660 nm in a Bausch & Lomb Spectronic 20
colorimeter.

Cultures grown to a density of 3 x 108 cells/ml
received 2 mM CaCl2 and were infected at a multiplic-
ity of 30 PFU/bacterium. Infection proceeded for 20
min before the shift-down was imposed. Shift-down
was executed by rapidly chilling infected cells, har-
vesting cells by centrifugation, and resuspending them
in minimal medium containing 10 mM disodium suc-
cinate as sole carbon source (34). Alternatively, cells
were harvested by rapid filtration (40), but either shift-
down procedure gave identical results. The centrifu-
gation procedure took exactly 15 min but apparently
did not alter the timing of the infectious cycle, as
indicated by the nearly identical kinetics of phage
production and RNA synthesis in infected cultures
growing in glucose medium and in infected glucose-
grown cultures shifted to fresh glucose medium.

Bacteriophage stocks. Cultures were grown in
phosphate-buffered medium supplemented with salts
and ascorbic acid as described above and with 30 mM
glucose, 2 mM CaCl2, 40 Mg each of methionine and
tyrosine per ml, and 1 mg of tryptone (Difco) per ml.
At a density of about 6 x 108 cells/ml, the cultures
were infected at a multiplicity of 5 PFU/bacterium.
Cultures were incubated at 37°C with shaking for an
additional period of 6 h. A few drops of chloroform
were added, cells and debris were removed by centri-
fuging for 20 min at 2,500 x g, and solid (NH1)2SO4
was added to the supernatant fluid to a final concen-
tration of 260 g/liter. After overnight stirring at 4'C,
the precipitated phage were collected by centrifuga-
tion, resuspended in 10 ml of phage buffer per liter of
infected culture, and dialyzed at 4°C overnight against

1 liter of phage buffer. Phage buffer contained 50 mM
Tris-hydrochloride, pH 7.6, 100 mM NaCl, and 10 mM
EDTA. Titers of 10'3 to 1014 PFU/ml were normally
obtained.
Measurement of total phage production in in-

fected cells. Cultures growing in glucose medium
were down-shifted 20 min after infection as described
above. At each time indicated, a sample (0.05 ml) was
added to 1 ml of lysis buffer (0.12 M Tris-hydrochlo-
ride, pH 8.0, 50 mM EDTA, and 1 mg of lysozyme per
ml). The mixtures were treated as described by From-
ageot and Zinder (14) to determine the titers.

Radioisotope incorporation into phage RNA.
Cultures were treated with 200 Mg of rifampin per ml
10 min before the addition of labeled precursors. At
this concentration the rate of incorporation of labeled
RNA precursor into uninfected, glucose-grown cul-
tures is less than 2% of the rate in uninfected cultures
without rifampin, and it is less than 15% of the rate in
infected rifampin-treated cultures. This is consistent
with the observation of Fromageot and Zinder (14)
that, while cellular RNA synthesis is almost com-
pletely inhibited in cultures treated with rifampin,
phage-specific RNA replication is virtually unaffected.
A correction for the residual incorporation into unin-
fected, rifampin-treated cultures was made in each
experiment by a point-for-point subtraction of the
radioactivity in the control (uninfected) from the ra-
dioactivity in the experimental (infected) culture.

Cells were treated with rifampin at the time of shift-
down (20 min after infection) and were labeled with 1
MCi of [2-'4C]uracil per ml 10 min later. Methods for
the assay of isotope incorporation into trichloracetic
acid-insoluble material (34) and measurement of ra-
dioactivity (20) have been described previously.
Measurement of intracellular nucleotide

pools. Cultures growing in Tris-buffered medium re-
ceived 350 to 450 MCi of H332P04 per ml and a volume
of 0.1 NaOH equal to the volume of H332PO4 at least
one generation prior to sampling to ensure equilibra-
tion of labeled phosphate with intracellular nucleotide
pools (31). Cultures were infected, down-shifted, and
rifampin-treated as described above.

Nucleotides were extracted with 1 M formic acid,
and levels of ATP and GTP in 1-Ml portions of extract
were determined (6). Nucleotides were separated by
thin-layer chromatography on polyethyleneimine cel-
lulose sheets (Brinkmann Instruments, Inc., Westbury,
N.Y.) with 0.85 M KH2PO4, pH 3.4, as the solvent.
The 32P-labeled materials were visualized by exposing
Kodak No-screen medical X-ray film to dried chro-
matograms for 40 h. Exposed film was processed as
recommended by Kodak. Radioactive spots on chro-
matograms corresponding to film darkening were lo-
cated and cut out. Radioactivity was measured as
described previously (20). Levels of ppGpp in 5-Md
portions of extract were determined in the same way
except that thin-layer sheets were run with 1.5 M
KH2PO4, pH 3.4, as the solvent (4) and X-ray films
were exposed for 18 h.

Specific activity of nucleoside triphosphate
pools and determination of rate of RNA replica-
tion. The rate of phage RNA replication following
shift-down was calculated by the method of Lazzarini
and Dahlberg (25), slightly modified, from the rate of
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[2-'4Cluracil incorporation into RNA described above
and the relative specific activities of the intracellular
nucleoside triphosphate pools. Specific activity mea-
surements were made by use of a double-labeling
technique (43). Cultures growing in minimal medium
received 2.5 ,uCi of [5-3H]uridine per ml at least one
generation prior to sampling. Cultures were infected,
down-shifted, rifampin-treated, and labeled with
['4C]uracil as described above. At the indicated times,
0.4-ml samples of culture were extracted with 1 M
HCOOH (6), and 1.6 nmol of UTP was added as
carrier. Nucleotides were concentrated (6) and resus-
pended in 20 pl of 1 M HCOOH. The levels of nucleo-
side triphosphates in 10-pl samples were determined
in the same manner as described above forATP except
that X-ray films were exposed for 4 days.
RNase digestion of crude lysates. Cells were

treated with rifampin at the time of shift-down (20
min after infection) as described above and labeled
with 1 uCi of ['4C]uracil per ml 10 min later. Cells were
incubated for 15 min before samples (0.2 ml) were
removed and added to tubes containing 0.2 ml of
double-strength lysis buffer (0.24 M Tris-hydrochlo-
ride, pH 8.0, 0.1 M EDTA, and 2 mg of lysozyme per
ml). A drop ofCHC13 was added, and the tube contents
were mixed briefly, incubated at room temperature for
2 h, and refrigerated overnight. Where indicated, 50
pug of pancreatic RNase per ml was added, tubes were
incubated at room temperature for 30 min, and an
equal volume of cold 10% C13CCOOH was added. Two
drops of a 1% solution of bovine serum albumin were
added to each tube, followed by 3 ml of cold 5%
C13CCOOH. Precipitates were collected on glass-fiber
filters (Reeve-Angel) and washed with 5% C13CCOOH
and with ethanol. The filters were dried and radioac-
tivity was measured (20).
Polyacrylamide gel electrophoresis and deter-

mination of rate of coat protein synthesis. La-
beled proteins from rifampin-treated cells were sepa-
rated by polyacrylamide slab gel electrophoresis in the
presence of sodium dodecyl sulfate and visualized by
autoradiography. QB coat protein was identified, and
autoradiogram film density was used as a measure of
the amount of coat protein synthesized during differ-
ent time intervals after isotope addition.

Cultures were infected, down-shifted, and treated
with rifampin at the time of shift-down (20 min after
infection) as described above. Ten minutes later, cul-
tures received 2 pCi of L-[ 4C]prohine per ml. At each
sampling time a 0.5-ml portion of culture was treated
with 50 pug of chloramphenicol in a chilled 1-ml conical
tube and centrifuged in a Fisher model 59 centrifuge
for 5 min at 7,000 xg. Each pellet was resuspended in
25 p1 of 0.12 M Tris-hydrochloride, pH 8.0, containing
50 mM EDTA and 1 mg of lysozyme per ml, and one
drop ofchloroform was added. The tubes were agitated
briefly, left at room temperature for 2 h, and refriger-
ated overnight. DNase (10 pg/ml) was added to each
-tube, tubes were incubated at room temperature for
30 min, and cells and debris were removed by centrif-
ugation for 5 min at 7,000 x g. Each supernatant fluid
was added to a tube containing 25 pl of 0.1 M Tris, pH
6.8, 2% sodium dodecyl sulfate, 2% ,-mercaptoethanol,
and 20% glycerol, and the tubes were placed in a
boiling water bath for 2 min.

The procedures for slab gel preparation andelectro-
phoresis described by Studier (36) were used but were
modified slightly. Each sample with 0.02 pg of brom-
ophenol blue was placed in a sample well of a 15% slab
gel. Electrophoresis at 35 mA was allowed to proceed
just until the dye reached the bottom of the gel.
Electrode L;uffer contained 0.05M Tris, 0.38 M glycine,
and 0.1% sodium dodecyl sulfate.

After electrophoresis the gel slab was dried as de-
scribed by Maizel (28). Autoradiograms were prepared
by exposing Kodak type SB45 medical X-ray film to
dried gels for 3 days and were scanned with a Joyce-
Loebl microdensitometer. Control experiments
showed that autoradiogram film density was propor-
tional both to the exposure time and to the amount of
protein layered on the gel. Coat protein was quantified
by the method of Casjens and King (7): coat protein
peak on the microdensitometer tracing was cut out
and weighed as a measure of the relative amount of
coat protein present at each sampling time.

Induction and assay of f-galactosidase. In-
fected or uninfected cells were shifted to fresh medium
by filtration (40). 8i-Galactosidase synthesis was in-
duced at the indicated times by the addition of 0.6
mM isopropyl-,8-D-thiogalactopyranoside. Sampling
procedures and toluene treatment were as described
previously (40). The activity of 86-galactosidase was
measured by the hydrolysis of 4-methylumbelliferyl-
fi-D-galactopyranoside. Samples of toluene-treated
cells (0.1 ml) were mixed with an equal volume of
substrate solution (0.5 mM in water) and incubated
for 10 to 20 min at 25°C. The reaction was terminated
by adding 0.05 ml of reaction mixture to 1.5 ml of 0.25
M Na2CO3. Fluorescence was measured in an Aminco-
Bowman spectrophotofluorometer, with the use of an
exciting wavelength of 365 nm and an emitting wave-
length of 450 nm. Measured fluorescence was con-
verted to nanomoles of 4-methylumbelliferone formed
by comparison with standard solutions of4-methylum-
belliferone. Product formation was found to be linear
with time over approximately 1 h, and enzyme activity
was strictly proportional to the volume of culture
assayed. One unit of/8-galactosidase activity is defined
as that amount catalyzing the formation of 1 nmol of
4-methylumbelliferone per min under these condi-
tions.

Chemicals and radiochemicals. [2-'4Cluracil (55
mCi/mmol), [5-3H]uridine (8 Ci/mmol), carrier-free
H3PO4, and rifampin were purchased from Schwarz-
Mann, Orangeburg, N.Y., and ['4C]proline (240 mCi/
mmol) was from New England Nuclear, Boston, Mass.
Egg white lysozyme and electrophoretically pure
DNase were purchased from Worthington Biocemical
Corp., Freehold, N.J.; chloramphenicol, from Calbi-
ochem, Los Angeles, Calif.; and isopropyl-fl-D-thioga-
lactopyranoside and 4-methylumbelliferyl-fi-D-galac-
topyranoside, from Sigma Chemical Co., St. Louis,
Mo.

RESULTS
Production of progeny phage after shift-

down. When E. coli was infected with Q8 and
subjected to energy source shift-down 20 min
later, the appearance of progeny phage was in-
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hibited (Fig. 1). Replicase formation is substan-
tially complete in 20 min of infection (26); thus,
we have avoided possible complications due to
an effect of shift-down on the synthesis of rep-
licase. Cells were lysed enzymatically, so the
sum of intracellular and extracellular phage is
represented in Fig. 1. The rate of appearance of
progeny phage in the period from 25 min to 40
min in the down-shifted culture was about four-
fold lower than in the control culture which was
treated in the same manner as the down-shifted
culture but resuspended in fresh glucose me-
dium.
Phage RNA replication after shift-down.

The use of rifampin allows the direct measure-
ment of phage RNA replication in infected cells
(14). Figure 2 shows the rate of incorporation of
['4C]uracil into acid-precipitable material in in-
fected cells as a function of the fraction of cells
infected [1 - P(0), calculated from the known
multiplicity of infection by the Poisson distri-
bution]. It is apparent that the rate of [14C]uracil
incorporation was proportional to the number of
infected cells. These data provide assurance that
the procedure of correcting uptake data in in-
fected cells by subtracting the uptake into un-
infected cells is valid. The residual rate of
[14C]uracil incorporation in uninfected cells after
10 min of rifampin treatment was low, usually
less than 15% of the maximum incorporation
rate in infected rifampin-treated cells.
The highest rates shown in Fig. 2 were ob-

tained at a multiplicity of 5 [1 - P(0) = 0.99]. At
a higher multiplicity (up to 30) the rate of incor-
poration did not increase further. This is con-
sistent with previous observations (3) that an E.
coli cell can be penetrated by only one, or at
most a small number, of phage RNA molecules.
In any case, if more than one phage RNA mol-
ecule does penetrate a bacterium, it does not
result in an increased rate of incorporation of
isotope into phage RNA.
The kinetics of incorporation of ['4C]uracil

into phage RNA in rifampin-treated cells are
shown in Fig. 3. The rate of incorporation in
infected down-shifted cells was about fivefold
lower than in infected cells shifted to fresh glu-
cose medium. Addition of glucose (45 min) re-
stored the rate of incorporation to a rate nearly
that found in exponentially growing cells, even
after the addition of chloramphenicol (42 min).
This implies that the rate of RNA labeling in
down-shifted cells is not limited by the synthesis
of any protein necessary for the replication proc-
ess.
To determine whether this reduced rate of

incorporation was due to a lower specific activity
of the UTP pool in down-shifted cells, we meas-
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FIG. 1. Production of Q/3 in cultures subjected to
a shift-down 20 min after infection. A culture growing
in minimal medium was infected with Q/ and 20 min
after infection was shifted, part to succinate medium
(0) and part to fresh glucose medium (0). Total
phage production (given as PFU/ml) was measured
as described in Materials and Methods.

ured the rate of uptake of ['4C]uracil into the
UTP pool in cells treated in the same manner as
those in the experiment shown in Fig. 3. The rise
in the specific activity of the UTP pool following
addition of ["4C]uracil was monitored in bacteria
that had been cultured with [3H]uridine long
enough to ensure equilibration of the uridine
with the intracellular UTP pool. The 3H radio-
activity in extracted UTP was then proportional
to the molar amount of cellular UTP at all
sampling times, and the ratio of '4C to 3H radio-
activity in UTP was proportional to the specific
activity of the UTP pool. Figure 4 shows that
the uptake of uracil into the UTP pool was
inhibited considerably in the down-shifted cul-
ture as compared to the control (glucose) cul-
ture.
Using these specific activity measurements

and the data on the labeling of phage RNA with
[14C]uracil (Fig. 3), we calculated the rate of
phage RNA replication in down-shifted cells rel-
ative to that in growing cells by the method of
Lazzarini and Dahlberg (25), with slight modifi-
cations. This calculation is illustrated in Table
1. First, the overall rate of ['4C]uracil incorpo-
ration was corrected for the amount of isotope
entering phage RNA in CMP residues to deter-
mine the rate of incorporation of isotope into
UMP residues only (column 7). Dividing this by
the relative specific activity of the UTP pool
(column 4) gave a "corrected" rate of incorpo-
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FIG. 2. Rate of RNA labeling as a function of
probability of infection. Cels growing in glucose me-

dium were infected at varying multiplicities. Cultures
received rifampin (200jg/ml) at 15min after infection
and ["Cjuracil (1 uCi/ml) at 25 min after infection.
Isotope incorporation was measured at 5-min inter-
vals for 25 min, and the rate of incorporation was

determined after correcting for residual incorpora-

tion into uninfected, rifampin-treated cells as de-
scribed inMaterials andMethods. Multiplicities used
were 0.1, 0.5, 1, and 5 PFU/bacterium to give, respec-

tively, 0.10, 0.39, 0.63, and 0.99probability ofinfection
[1- P(O) by the Poisson distribution].

ration (column 8) which was proportional to the
mass of UTP incorporated into phage RNA per
minute. The final column of Table 1 shows the
rate of phage RNA replication in down-shifted
cells relative to that in growing cells during each
time interval.
The rate of phage RNA replication in down-

shifted cells did not differ significantly from that
in growing cells. Thus, the in vivo activity of
replicase apparently was unaffected by the shift-
down. Furthermore, it seems that the reduced
rate of incorporation of ["4C]uracil (Fig. 3) was

due solely to a reduced rate of entry of uracil
into the UTP and CTP pools.
The rate of phage RNA replication decreased

as early as 35 min after infection both in expo-
nentially growing cultures and in down-shifted
cultures (Table 1, column 8). Watson and Ya-
mazaki (39) found that the rate of phage R17
RNA replication in infected growing cells de-
creased after 24 min of infection and noted that
the decrease was paralleled by a decrease in the
size of the ATP pool. However, as will be shown,
the decreasing rate of RNA replication that we
observed does not correlate with a drop in the
size of the ATP pool since the size of the ATP
pool remained nearly constant at least until 60
min after infection (Table 4).

In both these experiments and in the experi-
ments of Watson and Yamazaki (39), cultures
were treated with rifampin, which has been re-
ported to inhibit RNA replication during infec-
tion by some RNA phages (8, 29). However,
Engelberg et al. (9) showed that rifampin in-
hibits neither the conversion of Qf parental
RNA into double-stranded form nor the disap-
pearance of parental RNA from that form, and
they concluded that Qf RNA replication is un-
affected by the drug. Thus, the decreasing rate
of RNA replication that we observed probably
is not an artifact of rifampin treatment but may
reflect the normal course of RNA replication
during infection.
The fact that the total rate of phage RNA

synthesis was about the same in the exponential
and down-shifted cultures does not necessarily
indicate that the amount of RNA available for
translation of phage proteins is the same in both
cultures. During the course of the infectious
cycle, some of the newly formed phage RNA will
be encapsulated to form virions and some will
be sequestered in the double-stranded interme-
diates of replication (10).
To determine the distribution of phage RNA
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FIG. 3. Effect of shift-down and shift-up on the
kinetics of isotope incorporation into phage RNA.
Twenty minutes after infection a culture was shifted,
part to succinate medium (0) and part to fresh glu-
cose medium (0), both containing rifampin (200 pg/
ml). Cultures received ['4C]uracil (1 cCi/ml) 30 min
after infection. The down-shifted culture received
chloramphenicol (100 pg/ml) at 42 min and 10 mM
glucose at 45 min after infection (times indicated by
arrows). Acid-insoluble radioactivity was detennined
in duplicate samples (0.05 ml), and the data were
corrected for residual incorporation into uninfected
cells.

VOL. 30, 1979



272 LESCHINE AND JACOBSON

between these various forms, we compared the
fraction of RNase-resistant radioactivity in the
RNA from growing and down-shifted cells. The

1.0_
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30 35 40 45 50 55
Minutes after Infection

FIG. 4. Entry ofexogenous uracil into the cellular
UTP pool. A culture received 2.5 ,tCi (0.31 nmol) of
[3H]uridineper ml at 60 min before infection. Twenty
minutes after infection the culture was shifted, part
to succinate medium (0) and part to fresh glucose
medium (0), both containing rifampin (200 pg/ml).
Cultures received [14Cluracil (1 ,Ci/ml) 30 min after
infection. Nucleotides were extracted, concentrated,
and separated as described in Materials and Meth-
ods. The relative specific activity of the UTPpool at
each sampling time is expressed as 14C cpm/3H cpm.

double-stranded forms of phage RNA are resist-
ant to RNase digestion (10), and the RNA in
infectious virions is protected from digestion by
the capsid protein (1, 18). Sucrose gradient anal-
ysis (data not shown) of an RNase-treated lysate
from glucose-grown cells showed that 35% of the
radioactivity appeared in a peak corresponding
to intact virions (84S) and 47% of the radioactiv-
ity sedimented at <25S, presumably represent-
ing the double-stranded forms of phage RNA.
No peak corresponding to ribosomes (70S) was

present in the RNase-treated lysates, and ex-

tracts of uninfected cells lacked the 84S virion
peak.
The data in Table 2 show that the fraction of

RNase-resistant radioactivity was the same (19
to 20%) in the growing and down-shifted cul-
tures. It follows that the fraction of single-
stranded phage RNA also was the same in both
cultures. Since down-shifted cells and growing
cells contained both the same proportion of
these different species of phage RNA and the
same total amount of phage RNA, it is likely
that the amount of RNA available for transla-
tion of phage proteins was the same in both
cultures.
Phage coat protein synthesis after shift-

down. From the results presented above, we

concluded that the reduced production of prog-
eny phage following shift-down was not due to
an inhibition of phage RNA replication. Fur-
thermore, the observation that the rate of phage
RNA replication was unaffected by the shift-

TABLE 1. Relative rate ofphage RNA replicationa
Rate of Rate of in- Coted

Incorpora- Time in- Mean relative sp. Fraction corpora- rate of in- Relative
tion of of 14C in_ tion of 14C

Medium [14C]ura- terval ('C cpm/3H cpm) corporated into UMP corpora- rate of

infection)UTPnaCTP into UMP residues' tof RArp
0.05 ml/ infection) UTP CTP residuesd (cpm/0.05 (cPm/0.05 licatiorn
min) ml/min) ml/m)

Glucose 403 30-35 0.25 0.06 0.83 335 1340 1.0
35-40 0.63 0.17 0.82 331 530 1.0
40-45 0.84 0.24 0.81 327 390 1.0

Succinate 84 30-35 0.05 0.02 0.75 63 1270 0.9
35-40 0.09 0.06 0.64 54 600 1.1
40-45 0.16 0.10 0.66 56 350 0.9

Calculated by the method of Lazzarini and Dahlberg (25), slightly modified.
b Using data from Fig. 3, determined from least-squares analysis of either all data for the glucose culture or

all data points between 33 and 55 min after infection, inclusive, for the succinate culture.
'Using data from Fig. 4 and data for the kinetics of [14C]uracil incorporation into CTP pools from the same

experiment but not shown calculated as the mean relative specific activity for each time interval: [(XTPt, -

XTPt,)/2] + XTP11.
d Calculated as 0.295 UTP specific activity/(0.295 UTP specific activity + 0.247 CTP specific activity),

calculated with the mean relative specific activity of the CTP and UTP pools and the relative abundance of
CMP and UMP residues in QJ? plus strands (24.7% and 29.5%, respectively [32]).

'Rate of incorporation of [14C]uracil x fraction of '4C incorporated into UMP.
fRate of incorporation of 14C into UMP residues/mean relative specific activity of UTP pool.
' Corrected rate of incorporation/corrected rate of incorporation in glucose medium during the same time

interval.
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TABLE 2. RNase-resistantphage RNA'
Radioactivity in ly- Percent

Growth condition 5a RNase-
-RNase +RNase resistantc

Glucose, infected.. 69,445 16,145 19.2
Glucose, uninfected 4,255 3,630

Succinate, infected 10,310 2,610 19.7
Succinate, unin-

fected .......... 755 730

'Twenty minutes after infection a culture was
shifted, part to succinate medium and part to fresh
glucose medium, both containing rifampin (200 ,g/
ml). Cultures received [14C]uracil (1 isCi/ml) 30 min
after infection. Lysates were prepared 45 min after
infection and treated with RNase. An uninfected con-
trol culture was treated in an identical manner.

b Given as counts per minute per milliliter ofculture.
cThe ratio of RNase-resistant radioactivity (in-

fected minus uninfected) to total radioactivity (in-
fected minus uninfected).

down indicated that down-shifted and growing
cells contained equivalent amounts of RNA.
This allowed us to measure the effect of shift-
down on the translation of phage RNA in vivo
without possible complications due to an effect
of shift-down on the rate of formation of that
RNA.
We measured the rate of QJ coat protein

synthesis in cells subjected to a shift-down and
treated with rifampin 20 min after infection.
Proteins labeled with [14C]proline were sepa-
rated by polyacrylamide slab gel electrophoresis
in the presence of sodium dodecyl sulfate. A
typical microdensitometer tracing of the auto-
radiogram of a dried gel is shown in Fig. 5. The
predominant peak, with a molecular weight of
about 14,000, was found in infected cells and was
presumed to represent coat protein (23).
Autoradiogram film density, as determined by

the area under the coat protein peak on micro-
densitometer tracings, was found to be propor-
tional to the amount of protein layered on the
gel; therefore, to measure the relative amount of
coat synthesized during different intervals fol-
lowing a shift-down, we cut out the coat protein
peaks on tracings and weighed them (Table 3).

It can be seen that over the period from 30 to
45 min after infection, during which the number
of viable phage particles in the culture increased
approximately 10-fold (see Fig. 1), the rate of
coat protein synthesis in the culture shifted to
succinate medium was approximately 20% of
that in the culture shifted to fresh glucose me-
dium. The reduction in the rate of coat protein
synthesis in down-shifted cells was about the
same as the reduction in the rate of appearance
of viable progeny phage (Fig. 1). In view of the

fact that the rate of RNA replication in both
cultures was the same over this period (Table
1), it seems probable that the lower rate of
production of viable phage in the down-shifted
cultures was a direct result of the reduced rate
of coat protein synthesis.
Polypeptide chain growth rates. To deter-

mine whether the rate of polypeptide chain
growth was affected by the shift-down, we meas-
ured the lag time for,-galactosidase induction
in both uninfected and infected cells in glucose
medium, and in down-shifted, infected cells. As
shown in Fig. 6, a plot of the square root of the
increment in enzyme activity against time gave
a straight line. The intercept of this line on the
time axis represents the time required to synthe-
size a single fi-galactosidase polypeptide (35),
and is thus a composite of the times required for
derepression, transcriptional completion, and
translational completion. In uninfected cells in
glucose medium, this completion time was 95 s,

Molecular Weight x 10-3
15 20 30 40 506070

6 5 4 3 2
Distance Migrated (cm)

FIG. 5. Microdensitometer tracing of an autora-
diogram of a dried slab gel. Cells were treated as
described in Materials and Methods. Labeled pro-
teins from down-shifted cells harvested 40 min after
infection were separated by polyacrylamide slab gel
electrophoresis in the presence of sodium dodecyl
sulfate. The autoradiogram of the dried gel slab was
traced with a Joyce Loebl microdensitometer (solid
line). Proteins from an uninfected control culture
were separated and visualized in the same manner
(dashed line). The molecular weight scale on the
abscissa was deternined by electrophoresis of pro-
teins ofknown molecular weight on the same gel slab.
The standards used and their molecular weights were
bovine serum albumin (68,000), ovalbumin (43,000),
pepsin (35,000), chymotrypsinogen (25,700), and myo-
globin (17,000).
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TABLE 3. Relative rate of coatprotein synthesisa
Time inter- Relative
val (min Culture me- Coat pro- rate of coat

after infec- dium tein (mg)b protein syn-
tion) thesisc
30-35 Glucose 240 1.00

Succinate 86 0.36

30-40 Glucose 670 1.00
Succinate 150 0.22

30-45 Glucose 1,200 1.00
Succinate 220 0.18

aSee Materials and Methods.
' Weight of the coat peak from microdensitometer

tracings of autoradiograms of dried gels.
'Coat protein synthesized during each time inter-

val/coat protein synthesized in glucose medium during
the same time interval.

corresponding to a polypeptide chain growth
rate of 12 amino acids per second. In infected
cells, the completion time was 105 s, correspond-
ing to a chain growth rate of 11 amino acids per
second. Most significantly, the completion time
was the same for infected cells in glucose me-
dium and at 20 min after a shift to succinate
medium. These conditions are identical to those
under which we measured the synthesis of Qf8
coat protein, except for the necessary omission
ofrifampin during ,8-galactosidase induction. We
therefore conclude that the polypeptide chain
growth rate is unaffected by the shift-down in
infected cells. We have not further investigated
the small increase in completion time which
appears to accompany Qfl infection.
Nucleotide levels in down-shifted cells. In

order to determine whether the reduced rate of
phage coat protein synthesis following shift-
down correlates with changes in nucleotide pool
levels, 3P-labeled nucleotides were extracted
and resolved by thin-layer chromatography. Ta-
ble 4 shows that the ATP pool size was nearly
constant after shift-down, suggesting that the
general level of energy was not a limiting factor.
On the other hand, by 40 min after shift-down
the GTP pool level dropped to 60% of the level
found in growing cells before the shift-down.
There was only a small accumulation of ppGpp
in these rifampin-treated cells (Table 4). In the
absence of rifampin, we saw a five- to sevenfold
increase in ppGpp (data not shown), but, since
it did not accumulate significantly in cells during
these experiments, ppGpp apparently was not
the primary effector of the inhibited synthesis of
coat protein that we observed.

DISCUSSION
We have sought to determine whether the

translation of bacteriophage Q,B RNA in down-
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shifted E. coli is inhibited in a manner similar
to that previously observed for total E. coli
protein and for /i-galactosidase (40). In the pres-
ent experiments, infected cells were down-
shifted after the synthesis of phage replicase
protein was substantially complete, to avoid
complications due to an effect of shift-down on
replicase synthesis.
Although the rate of incorporation of exoge-

nous radioactive uracil into phage RNA was
greatly reduced in the down-shifted culture (Fig.
3), as was also observed by Friesen (11), this
only represented a reduced rate of entry of ex-
ogenous uracil into the intracellular UTP pool
(Fig. 4). After appropriate correction for the
relative specific activities of the UTP pools (Ta-
ble 1), the rate ofQ8 RNA synthesis was seen to
be the same in the exponential (glucose) and
down-shifted (succinate) cultures. Thus, al-
though the inhibition ofrRNA synthesis follow-
ing an energy source shift-down has been care-
fully documented (16), the claim (11) of similar
control of phage RNA replication does not seem
to be valid.

Since the rate of phage RNA replication and
the fraction of phage RNA in RNase-resistant
forms was the same in the two cultures (Table
2), we conclude that the amount of single-
stranded phage-specific RNA available for
translation of phage proteins was the same.
Nevertheless, the rate of synthesis of the Q.?
coat protein was reduced by three- to fivefold in
the down-shifted cultures (Table 3). This is ap-
proximately the same degree of inhibition as was
observed for total E. coli protein (34, 40).

Considering that the amount of translatable

200

5150 2

w

g 100
0
0

50-

50 100 150 200 250
Seconds After Induction

FIG. 6. Induction kinetics of /3-galactosidase in
uninfected and infected cells. Uninfected cells were
shifted to fresh glucose medium and induced imme-
diately (0). Infected cells were shifted at 20 min after
infection into fresh glucose medium and induced im-
mediately (C) or into succinate medium and induced
20 min after the shift (0). Initial enzyme activity (Eq)
was 0.2 to 0.22 U/II9 cells. The lines shown are least-
squares fits to the data points.



SHIFT-DOWN CONTROL OF COAT PROTEIN SYNTHESIS 275

TABLE 4. Nucleotide pool levelsa

Time after ATP GTP ppGpp
shift-down Culture medium b Relative b Relative b Relative

(min) Amt pool size- Amt pool size' Amt pool size'

-10 Glucose 3.0 1.0 2.0 1.0 0.08 1.0

10 Glucose 3.9 1.3 2.3 1.2 0.06 0.8
Succinate 3.8 1.3 1.8 0.9 0.11 1.3

20 Glucose 4.2 1.4 2.7 1.4 0.07 0.9
Succinate 3.2 1.1 1.3 0.7 0.10 1.3

30 Glucose 4.8 1.6 2.7 1.4 0.06 0.8
Succinate 3.4 1.1 1.4 0.7 0.11 1.4

40 Glucose 4.3 1.4 2.2 1.1 0.07 0.9
Succinate 3.3 1.1 1.2 0.6 0.11 1.4

aCells cultured in medium containing 'Pi were infected and 20 min later were shifted, part to succinate
medium and part to fresh glucose medium, both containing rifampin (200 ug/ml). At the indicated times
nucleotides were extracted and separated, and levels were determined as described in Materials and Methods.

b Nanomoles per optical density unit.
'Ratio of nucleotide level to the level before shift-down.

Q,B RNA was no different in the exponential and
down-shifted cultures, this inhibition of protein
synthesis might arise through a change in either
the rate of polypeptide chain initiation or in the
rate of polypeptide chain elongation.
The data of Fig. 6 show that, although there

was a small increase (-10%) in the,B-galactosid-
ase completion time attendant upon Q/8 infec-
tion, the polypeptide chain propagation rate in
infected cells was unaffected by a shift from
glucose medium to succinate medium. Westover
and Jacobson (40) also found no change in the
polypeptide chain propagation rate in uninfected
cells of another E. coli strain. On the other hand,
Johnsen et al. (22) reported that a shift-down
produced by growth inhibition with a-methyl-
glucoside leads to a decreased polypeptide chain
growth rate, especially in strains carrying the
relA allele. This discrepancy suggests either that
E. coli protein synthesis responds differently to
various shift-down regimens or that different
responses may be shown by different E. coli
strains. This point remains to be clarified.

Finally, we note that the rate of protein ac-
cumulation is not likely to be markedly influ-
enced by protein turnover, as Westover and
Jacobson (40) have shown that both the rate
and extent of degradation of newly synthesized
protein after the shift-down are the same as in
exponentially growing cultures.

It therefore seems probable to us that trans-
lation of the Q/8 coat protein cistron is regulated
in the same manner as that of host mRNA's,
namely, at the initiation of translation.
These results suggest that the mechanism

which acts to inhibit translational initiation after

an energy source shift-down is relatively nonspe-
cific. Although Ruscetti and Jacobson (34) spec-
ulated that the small residual number of poly-
ribosomes which persist in down-shifted cells
might represent the exemption of some mRNA
species from control of translational initiation,
no such mRNA species has yet been identified.
Westover and Jacobson (40) showed that the

degree of inhibition of translational initiation
after a shift-down was the same for total protein
(presumably translated largely from monocis-
tronic mRNA's) and for the 5'-proximal cistron
of a polycistronic mRNA (/i-galactosidase). Ja-
cobson and Baldassare (21) examined the accu-
mulated 70S ribosomal mRNA complexes by
electron microscopy and showed that the length
distribution of the bound mRNA strands was
consistent with a normal population of monocis-
tronic mRNA's. Strands long enough to be po-
lycistronic mRNA's were not observed, probably
because such very long mRNA's would, on the
average, be associated with more than one ri-
bosome (41). Thus, the question of whether the
same control was exerted on the translation of
internal cistrons of polycistronic mRNA's re-
mained unresolved.
The present data show that the translation of

Qf coat protein from the middle cistron of a
tricistronic mRNA is subject to inhibition which
quantitatively resembles that exerted on the
synthesis of other proteins after shift-down. We
conclude from this that the mechanism which
regulates translation after an energy source
shift-down does not involve any specific role for
the 5' end of the mRNA.
The nature of the effector(s) governing this
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inhibition remains unknown. In the present
study, we measured the intracellular concentra-
tions of three possible effectors: ATP, GTP, and
ppGpp.
Although substantial declines in intracellular

ATP pools have been reported following an en-
ergy source shift-down (16, 17, 31), our data
(Table 4) show that this did not occur under the
specific conditions of our experiments. It seems
likely that rifampin, by decreasing the expendi-
ture of ATP for cellular RNA synthesis, pro-
duces a net expansion of the ATP pool in glucose
cultures and prevents a net contraction of the
ATP pool in down-shifted cultures (Table 4).
The fact that the translation rate decreased even
when the ATP pool was thus maintained at a
near normal level shows that ATP deficiency
cannot be responsible for the decreased rate of
translation. Swedes, Sedo, and Atkinson (37)
have also argued, from experiments on cells
starved simultaneously for glucose and adenine,
that the rate of protein synthesis is independent
of the absolute size of the ATP pool.
Our measurements also show that the GTP

pool declined by about 40% after the shift-down
(Table 4). Similar declines in intracellular GTP
following shift-down have also been observed by
others (16, 42). The present case differs from
previous observations in that the contraction of
the GTP pool took place in the absence of
ppGpp accumulation (see below). This indicates
that neither the withdrawal of guanine nucleo-
tides to form ppGpp nor inhibitory effects of
ppGpp on guanine nucleotide biosynthesis (15)
are contributing to the loss of GTP. Rather, it
seems that the contraction of the GTP pool
must be a more direct effect of the shift-down.
Although there is nothing in the present data

to rule out the possibility that this decline in the
GTP pool is causally related to the decreased
rate of translation, we regard such rough tem-
poral correlations as insufficient proofof a causal
relationship. More detailed kinetic studies of the
relationship between the GTP pool and inhibi-
tion of translation are now in progress in our
laboratory.
A number of kinds of evidence have been

interpreted as suggesting that ppGpp, which ac-
cumulates significantly in both reUA and relA
cells after a shift-down (42), might be a physio-
logical regulator of translation. These include
both stimulatory and inhibitory effects ofppGpp
on in vitro protein synthesis (44), inhibitory
effects of ppGpp on in vitro assays for specific
components of the translational apparatus (30,
45), and temporal correlations between changes
in protein synthesis and changes in cellular
ppGpp pools (24). In the present experiments,

we found that ppGpp did not accumulate signif-
icantly in down-shifted, infected cells treated
with rifampin (Table 4). The fact that the trans-
lation of Q/ coat protein was nevertheless in-
hibited indicates that ppGpp is not the primary
effector of translational inhibition. This repre-
sents the first case in which inhibition of trans-
lation after a shift-down has been shown to be
independent of ppGpp accumulation.

It should be noted that the failure of these
cultures to accumulate ppGpp after an energy-
source shift-down was a specific result of the use
of rifampin in our experiments, since ppGpp
accumulated five- to sevenfold over the basal
(glucose culture) level when rifampin was omit-
ted (data not shown). This contrasts with the
pattern of ppGpp accumulation found by Wat-
son and Yamazaki (39) in amino acid-starved
cultures. They found that rifampin prevented
ppGpp accumulation in uninfected but not in
infected amino acid-starved cultures, and they
concluded that accumulation of ppGpp in rifam-
pin-treated cultures was phage specific. Simi-
larly, Lund and Kjeldgaard (27) showed that
rifampin-induced decay ofppGpp does not occur
during infection with bacteriophage T7. It was
postulated that ppGpp accumulation is depend-
ent on the presence of translatable mRNA and
that infection with RNA phages or T7 provides
a source ofmRNA even in the presence of rifam-
pin.
Our data, however, indicate that the presence

of translatable Qfi RNA in down-shifted cells is
not sufficient to relieve rifampin inhibition of
ppGpp accumulation. This apparent discrep-
ancy may reflect nothing more than the fact that
the reUA-independent accumulation of ppGpp
after a shift-down occurs by a different mecha-
nism than the relA-dependent accumulation of
ppGpp in amino acid-starved cells (5). Alterna-
tively, it may be that quantitative aspects of the
mRNA supply and its rate of participation in
translation are important.
Many steps in the infectious cycle of RNA

phages either directly or indirectly involve the
translational machinery of the host bacterium.
Not only does the phage RNA have to act as
both mRNA and template for RNA replication,
but ribosome-associated proteins participate di-
rectly in the process of RNA-dependent RNA
replication (2, 38). It therefore seems likely that
an inhibition ofphage RNA translation will have
further secondary consequences for phage de-
velopment. Leschine and Jacobson (Abstr.
Annu. Meet. Am. Soc. Microbiol. 1976, K45, p.
144) reported that the appearance of Qf coat
protein and RNA-dependent RNA replicase ac-
tivity are delayed considerably when a shift-
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down is imposed just before, but not just after,
Q8) infection. Further study of the consequences
of translational inhibition for the early events of
phage development may help to delineate the
mechanism of translational control.
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